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Accepted 21 December 2015A mediatorless sensor with horseradish peroxidase (HRP) enzymes encapsulated inside peptide nanotubes
(PNTs) has been proposed for amperometric detection of hydrogen peroxide. PNTs not only encapsulate the
enzymes to retain their activity and stability, but also can provide direct electron transfer between an electrode
and the electroactive sites of HRP without mediators. Experimental results were compared with hydroquinone
(HQ)-mediated electron transfer results. The PNT/HRP sensor produced a current signal comparable to the HQ/
HRP sensor in the entire range of hydrogen peroxide concentrations (0–60 mM). The amperometric signal was
the greatest when PNT and HQ were used together. The current signal of the PNT/HQ/HRP system increased
rapidly with the hydrogen peroxide concentration while the PNT/HRP and HQ/HRP systems showed a similar
increase in the rate of current with hydrogen peroxide. The current-H2O2 concentration relations of the tested
systems were analyzed using the Michaelis–Menten type equation. Using PNTs as immobilizing agents for
enzymes may circumvent the drawbacks of chemical mediators such as HQ that may interfere with the redox
reactions and may cause toxicity problems to enzymes.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Reduction reactions of enzymes and other biological macromole-
cules at an electrode are usually very slow because of slow electron
transfer [1]. This problem can be overcome by using small molecule as
an electron transfer mediator with rapid and reversible reduction capa-
bility. The reduced form of amediator reacts with the enzyme rapidly to
reduce it while the mediator is oxidized. Mediators enhance the elec-
tron transfer rate due to their higher mobility. Many electrochemical
systems have been developedwith variousmediators. Biosensors, espe-
cially amperometric sensors, which consist of oxidase and peroxidase
enzymes, have gained great interest in recent years. In many ampero-
metric biosensors, hydroquinone (HQ) is often used as one of the
most commonmediators. It is oxidized to benzoquinonewhile reducing
enzymes. HQ facilitates the transfer of electrons that are generated as a
result of the redox reaction [9,15] between the redox center of horse-
radish peroxidase (HRP) and the electrode Although redox mediators
show good electron transfer properties for electrochemical sensors, it
should be noted that they are electroactive compounds and therefore
may interfere with the redox reactions of interest and affect thems, Stuttgart, Germany.
iversity, Seoul, Korea.
. This is an open access article underresponsewith noise. This interference compromises the lower detection
limit of sensors. In addition, mediators may contaminate the samples
and may be toxic to the sensing elements. Therefore, immobilization
of enzyme on an electrode modiﬁed with conductive materials has
attracted much attention over the past years. These systems facilitate
direct electron transfer between the electrode and enzyme without
the use of chemical mediators suspended in a liquid phase. Coche-
Guérente et al. immobilized horseradish peroxidase (HRP), glucose
oxidase (GOD) and graphite nanoparticles in a silica gel matrix to detect
hydrogen peroxide [2]. Dispersed graphite particles in the matrix
provided a connection between the electroactive site of HRP and the
electrode surface. Ivanova et al. [7] used a carbon paste electrode
containing ruthenium complexes as mediator for electron transfer
from enzymes which were immobilized in three different ways: inside
the carbon paste, at the surface and inside a Naﬁon ﬁlm. They used this
sensor architecture for amperometric oxidation of nicotinamide adenine
dinucleotide and showed that electrochemical properties of the sensor
strongly depended on themethod of immobilization. Liu et al. also devel-
oped a mediatorless biosensor using HRP immobilized on a colloidal
gold-modiﬁed carbonpaste electrode for detection of hydrogen peroxide.
They reported fast response and acceptable reproducibility of the sensor
[10]. Recently Gu et al. used a mixture of HRP, DNA, chitosan and iron
oxide magnetic nanoparticles that were deposited on a glassy carbon
electrode. Their result showed that themixture exhibited high sensitivity
towards hydrogen peroxide without mediators [5].the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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HRP were directly bound to polycrystalline gold to fabricate a hydrogen
peroxide sensor [3]. It was shown that gold electrodes with recombi-
nant HRP exhibited good electron transfer and produced sensitive and
stable responses to hydrogen peroxide.
Carbon nanotubes (CNTs) are also used tomediate electron transfer.
Zhu et al. used an electrode coated with CNTs on which GOD and HRP
enzymes in an electro-polymerized pyrrole ﬁlm were co-immobilized
[16]. They showed that single wall CNTs can effectively transfer elec-
trons between an enzyme layer and gold electrode.Multi-walled carbon
nanotubes functionalized with thionin were used by Shobha Jeykumari
et al. [8] to immobilize HRP and GOD, and the sensor showed a good
detection range and stability.
Some peptide nanotubes (PNTs) are conductive and can be used for
electron transfer [4]. PNTs are biocompatible, and therefore can be used
as an immobilization agent for mediatorless sensing in vivo. Additional-
ly, PNTswere reported to help an enzyme retain its activity and stability
against temperature change [12]. Some peptide monomers and protein
fragments have been investigated for use as a bridge to connect elec-
tron donors to acceptors for electron transfer purposes, and their in-
tramolecular electron transfer properties have been reported [6].
This generated the idea of using peptide nanotubes for enzyme
immobilization and electron transfer without the need for extra
mediator molecules. Park et al. used diphenylalanine PNTs for
immobilizing enzymes for glucose sensing. However, they used a
mediator (HQ) in their system for electron transfer [13]. In this
study, we encapsulated HRP inside PNTs that were deposited on a
gold electrode to detect hydrogen peroxide without using HQ. Am-
perometric response was produced with the step change of hydro-
gen peroxide concentration. The amperometric result of the PNT/
HRP system was compared with the sensor consisting of HRP at-
tached to a gold electrode without PNTs and using HQ mediator.
Two other systems, one consisting of both HRP encapsulating PNTs
and HQ (PNT/HQ/HRP) and the other with HRP with neither PNT
nor HQ, were investigated for comparison. For all tested electrodes,
3,3′-dithiodipropionic acid di(N-hydroxysuccinimide ester) self-
assembled monolayer (SAM) was used to immobilize HRP and
PNTs on the electrode surface [11,12,14].2. Materials and methods
2.1. Chemicals and reagents
Peptidemonomer H–Phe–Phe–OHwas obtained fromBachem. Gold
screen printed electrodes (250AT) were purchased fromMetrohmUSA.
3,3′-dithiodipropionic acid di(N-hydroxysuccinimide ester) or DTSP,
dimethyl sulfoxide (DMSOanhydrous, 99.9%), 1,1,1,3,3,3-hexaﬂuoro-2-
propanol (HFP, 99.9%) and hydroquinone (99.5%) were purchased
from Acros Organics. Naﬁon® 117 solution (~5%) was obtained from
Aldrich and peroxidase from horseradish (HRP, Type VI, lyophilized
powder, 250–330 units/mg solid for pyrogallol substrate) was obtained
from Sigma.Fig. 1. Schematic representation of (a) enzyme immobilized on a gold surface using DTSP.
(b) Enzyme encapsulated PNTs immobilized on a gold surface using DTSP.2.2. Synthesis of PNT and encapsulation of HRP
A 100 mg/ml peptide monomer solution was made in HFP. Then it
was 50-fold diluted with DI water to make a 2 mg/ml solution which
is the optimized concentration for self-assembly of peptide nanotubes
[12]. One ml of PNT solution was dried completely in a vacuum dryer
at 35 °C and then 1 ml of HRP solution (1 mg/ml phosphate buffer
solution at pH 6.0) was added to the dried PNT and agitated using a
vortex mixer. The PNT/HRP solution was incubated in a shaker for one
hour (5 °C, 120 RPM). Then the solution was diluted by adding 5 ml of
phosphate buffer pH 6.0.2.3. Modiﬁcation of electrode
Screen printed electrodes (SPEs) were cleaned by sonication in a
pure ethanol solution for 5 min and then electrochemically cycled
from 0.6 V to −0.5 V at 100 mV/s in a conditioning solution which
was prepared according to the manufacturer's guidelines by adding
1 ml of ammonium acetate buffer at pH 4.6 made of 2 mol/l CH3COOH
and 1 mol/l NH3 mixed in 10 ml DI water. SPEs were rinsed with
DMSO and soaked in 10 ml of 4 mM DTSP solution in DMSO for one
hour to form a DTSP self-assembled monolayer (SAM) on the surface.
After the rinsing, SPEs were rinsed again with DMSO and then phos-
phate buffer at pH 6.0.
To modify the SPE surface with PNT-encapsulating HRP, SPEs were
immersed in the previously described PNT/HRP solution and allowed
to sit overnight. After that they were rinsed with phosphate buffer at
pH 6.0 and dried. Finally, 5 μl of Naﬁon was added on the surface and
allowed to dry. To immobilize the SPE surfaces with HRP only, after
soaking the SPEs in DTSP solution and rinsing with DMSO as described
above, they were immersed in a phosphate buffer solution containing
0.17 mg/ml HRP and allowed to sit overnight. Then SPEs were rinsed
with phosphate buffer and 5 μl of Naﬁon was added on the surface
and allowed to dry. Naﬁon helps to hold PNTs on the electrode.
Fig. 1 shows a schematic description of the construction of the elec-
trode modiﬁcations tested in this study. To investigate the effect of PNT
on electron transfer, these systemswere examined under four different
conditions. The HRP only system in Fig. 1a was tested with hydrogen
peroxide in two experiments: One with HQ in the solution and the
other one without HQ. The HRP/PNT system in Fig. 1b was also tested
in two experiments with and without HQ. The systems are denoted as
HRP only, HQ/HRP, PNT/HRP, and PNT/HQ/HRP.
2.4. Electrochemical measurements
Chronoamperometry was performed using a GAMRY Reference 600
potentiostat. It was carried out at the working potential of−100mV by
stepwise addition of 100 μl of 30% hydrogen peroxide solution to 200ml
of 0.1 M phosphate buffer pH 7.0 containing 1 mMhydroquinone. Then
the same experiment was performed by addition of hydrogen peroxide
to 200 ml of 0.1 M phosphate buffer pH 7.0 but without hydroquinone.
3. Results and discussion
Fig. 2 shows the SEM images of PNTs before and after HRP encapsu-
lation. The inside ofmost PNTs appeared darker after HRP encapsulation
which is thought to be because of the accumulation of HRP inside the
PNTs. There are spectroscopic methods (FTIR andUV–Vis spectroscopy)
that were used to verify the HRP encapsulation inside PNTs (not de-
scribed in this manuscript) which can be found in Park et al. [12].
Amperometry results for the aforementioned cases are shown in
Fig. 3. The concentration of hydrogen peroxide was increased from 0
to 58.8mMby4.9mMincrements. Fig. 3 shows that the system contain-
ing both PNT and HQ generated greater current signal throughout
the entire tested range than the other systems. The HRP only system
Fig. 2. SEM images of (a) PNTs before HRP encapsulation and (b) after encapsulation.
Fig. 3. Amperometric responses to hydrogen peroxide addition to 200 ml of phosphate
buffer pH 7.0. 100 μl of 30% hydrogen peroxide was added every 30 s.
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with hydrogen peroxide addition. Furthermore, for the HRP only sys-
tem, much more frequent and larger ﬂuctuations were observed in the
response. The current generation by the PNT/HRP system was either
the same as or a little lower than the HQ/HRP system indicating that
electron transfer by PNT was comparable to that of HQ. The currentFig. 4. Current change with average hydrogen peroxide concentration.generated by the PNT/HQ/HRP system increased most rapidly with
hydrogen peroxide concentration. The increasing rates of PNT/HRP
and HQ/HRP systems were almost the same.
Fig. 4 presents the current change with hydrogen peroxide concen-
tration. Enzyme kinetics can be described using the Michaelis–Menten
type equation [11]:
I ¼ Imax H2O2½ 
Km þ H2O2½  ð1Þ
where I is the current which depends on the concentration of hydrogen
peroxide, Imax is the apparent maximum current measured and Km are
Michaelis–Menten parameters. By taking the reciprocal of Eq. (1), the
inverse of current can be related to the inverse of hydrogen peroxide
concentration with a linear expression as shown in Fig. 5. By plotting
the experimental data in the concentration range of 15–60 mM, Imax
and Km values were obtained. Table 1 summarizes the Michaelis–
Menten parameters for all cases. More electrons were transferred
when the value of Imax was higher. The largest Imax, 5.8 mA, was ob-
served in the PNT/HRP/HQ system. The Imax values for the system
containing only PNT (PNT/HRP) and the system containing HRP and
HQ (HQ/HRP) are about the same which means the ability of PNTs to
transfer electrons is approximately equivalent to that of HQ. The system
without PNT and HQ has the lowest Imax which shows that there was
less electron transfer in the absence of PNT or HQ. Km values seem to
be lower when the electrons were transferred directly between the
enzyme and hydrogen peroxide, so the system without PNT and HQFig. 5. [I]−1 vs 1/[H2O2] plot and results of linear regression.
Table 1
Michaelis–Menten parameters for the four cases.
System Imax
(μA)
Km
(mM)
1 PNT/HRP + H2O2 2.5 54.8
2 HRP + HQ/H2O2 2.7 52.8
3 HRP + H2O2 0.9 27.7
4 PNT/HRP + HQ/H2O2 5.8 113.4
41H. Feyzizarnagh et al. / Sensing and Bio-Sensing Research 7 (2016) 38–41showed smallest Km. A large Km usually indicates low afﬁnity, which, in
our case, can be explained by more indirect electron transfer in the
presence of PNT and HQ. Here, larger Km didn't negatively affect the
sensor performance because the effect of Imax on the signal seemed to
be more signiﬁcant (as Fig. 4 and Table 1 show).
4. Conclusions
Peptide nanotubes were used to encapsulate HRP and also to fa-
cilitate direct electron transfer between HRP redox sites and an elec-
trode. To verify the effect of PNTs on electron transfer, a PNT/HRP
system was tested using an amperometric method with hydrogen
peroxide, and the result was compared with the case where HRP
was immobilized without PNTs, and HQ was used as electron trans-
fer mediator. These two experiments were compared to the case
with both PNT and HQ and without any of them. The results are sum-
marized as follows:
• the current response of PNT/HRP system (2.5 mA) was almost equiv-
alent to the HQ/HRP system (2.7 mA);
• when both PNT and HQ were used, the highest current response
(5.8 mA) was observed; and
• without PNT and HQ, the HRP only system produced very low current
(0.9 mA).It is concluded that PNTs are able to facilitate electron transfer and
can be considered as a biocompatible medium for electron transfer in
addition to their ability for enzyme immobilization. This avoids disad-
vantages of using the mediators in direct sensing and in vivo sensing.Author contributions
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